Abstract In this paper, a modeling approach is presented in order to evaluate feed rate during a circular interpolation in high-speed milling. The developed model depends on the type of discontinuity and the kinematic performance of the machine tool. To begin with, a feed rate modeling for circular interpolation with continuity in tangency is developed. After, the discontinuity in tangency between two circular interpolations is replaced by discontinuity in curvature by adding a fillet which is in relation to the functional tolerance ε imposed in the part design. An experimental study has been carried out to validate the models. The percentage of the use of V prog
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Introduction
Among the functions of the computer-aided manufacturing (CAM) software, we can find the creation of a tool path. Through this function, we can realize any requested operation. This trajectory is described by the software; it can be composed of many elementary interpolations shared in linear (G01) and circular interpolation (G02 and G03). The large number of these elementary interpolations requires a variety of discontinuities in the path [1] [2] [3] [4] . This will cause a significant instability in the real feed rate, which results in slowdowns at the end of each interpolation because the transition feed rate in discontinuities are much lower than the programmed feed rate [5] [6] [7] [8] . This implies an increase in machining time and non compliance with the programmed feed rate [9, 10] . The real machining time is often very high compared to the time estimated by the CAM software, which leads to productivity issues and an underestimation of the cost of machining for the industry.
In the context of high-speed milling (HSM), primarily, it is necessary to adapt the tool path to rapid piloting the machine and to respect the maximum consumed power. To make the trajectories continuous, two methods are possible. The first is to add a circle arc in the crossing of discontinuity in tangency [6, 7, 11, 12] . The second is to estimate the trajectory with polynomial function [13] . Then, the machine must have a rigid structure adapted to these conditions. The performances, which are associated with the numerical control unit (interpolation cycle time, look ahead…), should be also improved.
Pessoles [6] has presented the fillet radius modeling on the level of discontinuities in tangency which was in relation with the surface tolerance ε. This modeling was applied to a path on linear-linear contour. In the manufacturing industries, the fillet radius is inserted through a discontinuity by using the NC functions G641 and G642. The latter permits to insert a fillet according to the distance which the rounding block may begin (G641) and the axial tolerance (G642). These two functions do not reflect the value of tolerance ε (as shown on Fig. 1) .
In this paper, a model calculating the feed rate during a circular interpolation is presented. For the modeling, the tool path is discretized into several blocks with discontinuity in tangency and curvature (Fig. 1) . The t.d. between two circular interpolations was replaced by curvature discontinuity (c.d.) by adding a fillet which is a function of the tolerance ε.
The establishment of this model allows us to identify the machine behavior at the transition between two circular interpolations and to determine the optimal fillet radius. For imposed machining quality (error ε), an optimization of cycle time is achieved through the determination of the optimal fillet radius R c . This model can be applied in the machining strategies that contain circular interpolations. An experimental study was carried out on a HSM machine to verify the developed models.
2 Feed rate modeling for circular interpolation with continuity in tangency
The theoretical study was developed in two steps. The first step focuses on the feed rate modeling in circular interpolation. The second one was devoted to modeling geometric continuity in tangency; it consists of calculating the radius between circular-circular interpolations in relation to the tolerance ε imposed on the designed piece.
Feed rate modeling
Circular interpolation is a mode of work used in manufacturing. This mode is greatly dependent on kinematic performances of the machine [8] and on the physical phenomenon of cutting [14, 15] .
Analytical feed rate modeling
In this part, a kinematic behavior study of a machine tool following a circular path in the plane (XY) is proposed (Fig. 2) . The equation of curvilinear movement law during a circular profile is 
